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This report is intended to serve as a guide to the smzll plare design:sr
in the preseniztion of desiygn criteria for the prevention of such aero-
elastic phencmena as flutter, aileron reversal ard wing divergence. It
should also serve as a guicde to reccmmended and acceptatle praciice for
the design of non-structural, mass talance weights and attachments. The
criteria developed in this report include: wing torsional rigidity;
aileron, elevator and rudder mass talance; reversible tab and balarce
weight attachment criteria,

Intrcduction

The simplified criteria appearing in CAM OL were developed at a time when
rational methods of Ilutter analysis were not available., Fecause of the
lack of available methods of analysis varicus attempts were made to set
up empirical formulae which, if complied with, would reasonably assure

freecom from flutter. The sources of rmaterial for these studies vwere three-—

fold:

l. A statistical study of the geometric, inertia and elastic
properties of those ai®plares which had experienced flutter
in flight, and the methods used to elinminate tie flutter.

2, ILimited wind tunnel tests conducted vwith semi-rigid models,
These mocels were solid redels of hirh rigidity so thzt
effectively the model wazs non-deformarle. The motion of
‘the models was contrclled by attaching springs at the root
and at the control surface to sirulate wing tending, torsion
and control surface rotation,

3. Analytic studies based on the two dimensionzl study of a
representavive secticn of an airfoil,

For the most part these studies indicated that for a conventional airfoil
in which the center of gravityr of the airfoil section is not too far back,
that wing flutter could be preventad by designing for a certain degree cf
wing torsional rigidity and by control surface d;mamic balance, whereas
empennage flutter could be prevented by providing a dagree of conirol sur-
face dynamic balance. The.limitations were tased on the design dive spe=d
of the airplane arnd within ceriain ranges were functions of the ratio of
control surface natural frequency to fixed surface frequency.

Satisfactory retionzl analytic methods have teen available for a numter
of years which wonld permit an enzinser to carry throuzh computations to
determine the flutter statilitv of a srecific design, In view of the

fact that flutter is an zeroelasiic phencmenon which is caused by a con-
btination of aerodynamic, inertia ard elastic effects, any criteria which
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does not consider all tiiree effects is tound to have severe limita-
tions. That ithis is so, is evidenced by the fact that in alimost all
cases where rational anzlyses have teen carried thru for specific de~
signs it has teen found uh-u he balance requirerants spsecified oy

the simple criteria have teen too severe., In some special cases the
criteria in CiA. O appear to rave been unconservative, i,e, flutter

has been encouniared in soie airplanes wnich complied with these cri-
teria. In spite of the fact that the old flutter prevention criteria
for the most pari yield over-conservative resulits most small zircraft
companies in the perscnal plere field prefer to comply with these cri-
teria rather than perform complex fluitter a2nalyszs. In order to aid .
the small mznufacturer the Cii in Cctoter 1946 issuved Airfraze and
Equipment Lrginserinz Report llo. U3, entitled, "Cutline of An Accept-
able i'ethod of Vitration and Flutter Analysis for a Conventiornal Air-
plane", The purpose of thzat report was to present to the ine:perienced
Jlutter anzlys: an acceptable, three dimensional method of analysis bty
pq;senu1n~ in cde:ail a step-ty-siep tabular technique of an2lysis. Al-
tiduzh a numter cf aircraft companies are using the mathods outlined
in the report, others are of the ooinion that this method entails too
much time and exrense and are therefore seeking other means of comply-
ing with those regulations which 1'equ.re them to show freedom fronm
flutuer.

Although a rational flutter analysis is tec te preferred to the use of
the Slmpl‘fled criteria contairad herein (since in most cases a btetter
~design ray te achieved by raducing or eliminating the need for non-
- structural talznce weighis), the application of these criteria to con=-
ventional aircraft of the personal plane type is telieved to be adequate
to insure freecom from flutter,

&

The criteria contained in the present report have been developed after
an exhaustive study of the American and 3British literature as well as
1rd°pendeﬂt investisations. For the most part the criteria contained
in this report are new, however, some have teen taken with little or
no'modificaticn from other sources.

It should be noted that the empennage criteria developed in this report,
have been developed on the tasis of a single representative (conservative)
value of the emrsnnage mass meoment of inertia about the tending axes.,

The value was chossn as a result of a study of the mass parameters of

38 mumber of airplanes of the personal plane type. Therefore, for larger
¢03 aircrart than those usualiy ciassified as personal planes the cri-
teria may not te applicadble. The wing criteria on the other hand should
be applicanble to all conventional .03 airplanes wnicih do not have 1

mass concentrations on the vinzgs,
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(:; ) The criteria developed in this repogt are of a prelininary nature,
and although considerad to represent current thinking on acceptabtle
and recomnended practices rezarding flulter prevention measurss for
personzal type airplanes, these criteria should not be consirued as
required procedure to meet the flutter prevention requirements of
the Civil Air Regulations,

Definitions

Flutter: T[Flutter is the unstable self-excited oscillation of an airfoil
and its associated structure, caused ty a comvination of aerodynamic,
inertia and elastic effectis in s.ch ranner as to extract energy frca

the airstream. Thne amplitucde of oscillation, (at tae critical flutter
speed) following an initial disturtance 7ill be maintained. At a higher
speed these amplitudes will increase.

Diverrence: Divergence is the static instability of an airfoil in tor-

. ) sion whicn occurs when the torsiornal rigidity of the structure is ex=
ceeded by aercdymamic tivisting moments., If the elasiic exds c¢f a wing
¥s aft of the asrodynamic cenier then the torsional morent about the
elastic axdis due to the 1ift at tre aercdynamic center Tends to increase .
the angle of attack, which further increases the 1lift and therefore
further increases the torsional ncment, For speeds below some critical
speed (the diverzence speed), the additicnal increments of twist and

monent becemz sozller so that at each sceed belew the diverzent speed

(:) an equilitriun position is finzlly attained (i.2. the process of mcment

increasing anzle and thereby increasing moment etc. is convergent); above
this critical spsed the process is non-convergente

-

Control Surfzce Peverszl: Thi

s is the reversal in direction of the n=t
normal force inZucea ty the deflected conirol surface, drve to aerodynamic
monents tiiisting the elasitic "fixad" surrface, This phenomeron can btest
be illustrated ty considering tne case of aileron reversal., Normzlly the
1ift over the wing with dcwn aileron is incrszsed by the aileron deflec=
tion, while the 1ift over the wing with up aileron is decreased by the
aileron dzflection, thus a rolling moment results from an aileron deflec-
tion, However, since the center of pressure for the 1ift due to the de-
flected aileron is usually aft of the elastic axis, deflecting the aileron
dowrward tends to reduce the wing angie of attack thus reducinz the incre-
ment of 1lift. For the wing with up aileron the torsional moment due to
. up aileron tends to increase the wing angle of attack. It can thus be
seen that the rolling meoment for an elastic wing is less than for a rigid
winz. Since the wing torsiomnzl rigidity is ccnstant while the twisting
moment due to aileron deflection increases witn the square of the velocity
it is otvious that at some critical speed the rolling moment due to aileron
deflection will ve zero, Atove this spsed the rolling moment will be
opposite to that normelly expzctad ai sceeds velow this critical speed.
The crltlcal speed so defined is the aileron reverszl speed.

(:) 23883
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Surmary of Criteria
- s

-

Winz Torsional Stiffness

The wing torsional flexibility factor F defined telcr should te eguzal
to or less than 2C0

| Jal
Yhere: F = joiCist

€) = Ving twist at station i, per unit torsional mcrent

applied at a wing station outboard of tne end of the
aileron, (radians/ft - 1b)

C4 =Wing chord length at station i, (ft)
b ds = Increment of span (ft)
Vg4 = Design dive speed (IAS) of the airplane

Integration to extend over the aideron span onlye The value of the -

above integral can te obtained either by dividinz the winz into a

finite number of spamvise ircrements AS over the aileron scan arnd . ("
sumning the values of .€;032AS or by plotting the variation of e; Ciz S
over the aileroz span and devermining the area under the resuiting

curve, _ : :

In order to determine the wing flexivility factor F, a pure torsional
couple should be applied near the wing tip (outboard of the end of the
ajleron span) and the resulting angular deflection at selected inter-
vals along the span measured. The test can best be performed bty
applying simultaneously egual and ocpposite torgques on each side of the
airplane and measuring the torsioral deflection idth respect to the
airplane centerline. The trist in radians per unit torsiorsl mozent
in ft-1bs should then te determined. If the aileron portion of the
wing is divided irto fcur spamrise elements and tre deflection deter~
mined at the midpoint of each element the flexdpility fastor F can be
- determined by completing a table similar to Table I teloit, Figure 1
illustrates a typical setup for the determination of the parameters €
and AS : -

(™
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Aileron Talarce CH terion

The dynzrmic balence co~efficient K/T Shoulcd not be greater than the v

obteined frem figure 2 wherein K/I -:’;s rel'erred to the wing fundamental

bendirg node line ang the aileron hirze lire. If no knowledoe exdsts

of the lccation of the terding pode line the axis parellel to the fuse~-

lage center line at the juncturc of tie vin; and fuselage can ke used,
O

alue
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Vherein: K = product of inertia : /
W\ /

~
-—

I ® pass moment of inertia of aileron about its
hinge line

Free Play of Ailerons

The total free play at the aileron edge of each aileron, when the other
aileron is clamped to the wing shoulc not exceed 2.5 percent of the
aileron chord aft of the hinge line at the station where the free play
is measured,

Elevator Palance

Each elevator should te dynazically balanced to preclude the parallel
axis flutter (frselaze vertical tendinr=symmetric elevator rotation) -
as well as perpendicular axs flutter (fuselaze torsicn = antisyrmetric
elevator rotation). If, however, the antisynreiric elevator frequerncy
is greater than 1.5 tines the fuselage torsional frequency the perpen-
dicvlar axis criterion need not apply.

L J

Parallel Axds Criterion

()

The balance parameter ¥ as obtained from Fizure 3 should not bte ex-
ceeded. In Figure 3 the telance parameter ¥ anrd tie flutter speed
parapever Vg are defined as:

bS,
T
Td -
bf.

Vosm

°f

«?

h
ithere: SP = Elevator Static Palance about hinge lire (ft - 1xs)

' I = Elevator mass moment of inertia zbout the hinge line
{1b - £t2)

b = Semichord of the horizontal tzil neasured at the mide
span station (ft)

Desizn dive specd of the airplane (mph)

Y3

I, = Fuselage vertical bending freqixenc;,* (cpm)

Pervendicular fixgs Criterion >
For each elevator the tzlance parareter A as obtzined from Figere | o
should not te exceeded, In Fizure L the kzlance Farameter ), and the '

flutter speed rarazeter Vo are defined ass

23889
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Where: S8 = Semispan of horizontal tail (ft)
b = Semichord of horizontel tail at midspan station (ft)

. K = Elevator product of inertia referred to stabilizer
‘ _ center lire and elevator hinge line (1b - £t2)

I = Elevator mess moment of inertia about the elevator
hinge (1b - £t2)

£ = Fuselage torsional frequency (cpm)

o
R Rudder Palarnce

The value of ¥ as obtained from Figure 3 and the value A as obtained
from Figure i shculd not be exceeded; where in Figures 3 and L, ¥ =

S, , A » X and: -
™ M -
G S = Distance from fuselage torsion axis to tip of fin (£ft)

- b = Semichord of vertical tail measured at the seventy
’ percent span position (ft)

K = Product of inertia of rudder referred to the fuselzge
torsion axis and the rudder hinge line (1b - £t2)

£ = Fuselage torsionz1 frequsncy (cpm)

_ fp = Fuselage side bending frequency (crm)
' % = Rudder static balance about hinge line (1b - ft)

. I = lass moment of irertia of the rudder about hinge line
- (1b - £t2)

Tab Criteria

A1l reversible tabs should be 1005 statically mass balanced about the
tab hinge line, Tats are considered to te irreversible and need not
bte mass balanced if they neet the fellewing criteria:

1, For any position of tke control surface and tab no
appreciable deflection of the tab can te produced
O by means of a norent apolied directly to the tab,
when the contrsl surfzce is held in a fired position
and the pilots tadh controls ere resirained.

< 300y
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2. The total free play at the tah trailing edge should be
less than 2.55 of tie teb cherd aft of the hinze line,
at the station where the play is measured,

3. The tab natural freguency should te equal to or exceed
the value given by the lover of the folloiing two cri-

teria
(@) g=ovy s, __
St e
c
or

(b) £,= 2000 cpm for airplanes having a design dive sreed of

. less than 200 msh, For airplanes with a desizn dive
speed greater than 200 mch the frequency in com sheuld
exceed the value given by 10 times the design dive
-8peed in miles per hour,

‘Thus fbr an airplane with a design dive speed less than 200 mph if (a)

atove gave a value in excess of 2000 cpm it would only be recessary to
show a frequency of 2000 cpm fer the frequency criterion,

Vheres £y S lovest natural frequency of the tab ag installed
in the airplene (crm) — either tab rotation about
the hinge line or tab torsion whichever is lower,

cl= chord of moveable control.surface aft of the hinge
line, at the tab midspan position (ft) '

St = Span of tab (ft)

S¢ = Span of roveztle control surface to which tab is
attached (both sices of elevator, each aileron
and rudder) (ft)

'Particular care should be taken‘in the detail design to minimize the
possibility of fatigue failures vhich might allsv the tab to become
free and flutter violently,

Balance Weiiht Attachment Criteria

Balance weishts should be distributed along the span of the control sur-
face sc that the static untalance of each spammvise element is aporoxi-
rately uniform, However, wiere a sinzle external concentrated balance
weight is attached to a control surface of high torsional rigidity the
natural frequercy of the balance weight attachrent should be at least
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50 percent above the highest frequency of the fixed surface with which
the control suvrface may couple in a flutter mode, For example the
alleron balance welznt frecuenzy should te at least 507 above the wing
fundamental torsional frequency. The balance welzht supporting struc-
ture should be cesign=d for a limit lcad of 2Lz normal to the plans of
the surface and 12z in the other mitually perpendicular directions,

It should bte noted that the dynzaric balance coefficient K/& can be ree
duced by (1) recucing X, (2) increasing I or (3) reducing K and ine
creasing I, Since an inerease in I results in a recduced control sur-
face natural frecuency with possible adverse flutter effects, the prirmary

purpose of ballast weighis used to reduce xy&, should be to decrease the

‘Product of inertia X and not to increase the mass moment of inertia 1.
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Dynamic_and Static Falance of iloveable
Conirol Svriaces

Definitions

Static Palarce: Cozrlete static balance of a noveatle control surface

is obtainsd wnen the center of sravity of the control surface lies on

the hinge line i.e. the resultant moment of the mess of the surface
a8bout the hinge line is sero. If the center of sravity of a surfaze

lies aft of tne hinze surface it is called statically unbalanced, where—
as if the center of gravity lies forviard of the hinge line the surface is
called svatically over-balanced,

Dynanic Palarce: A noveable surface is dynamically valanced vwith resroct
to a given axis if an angular acceleration about that axis does not tend
to cause the surface to rotate about its owm hinge line. The dynamic
balance coefficient £/T is a measure of the dymamics talance condition
. of the moveable control surface, wherein K is the product of ineriia of
. the suvrface (ircluding balance weights) about the hinge and oscillation
axes and I is the mass norent ol inertia of tie control surface (includ'i.ng
balance weizhts) atout the hinze axis, Fhysically the dynamic balance
coefficient K/7 may be intempreted to revresent:

s
&

< Exciting Torg.e
Resisting Torgue

Mass Balance Commutations

Assume the X axis coincident with the oscillation axis and the Y ads
coincident with the control surface hinze line. After the reference axes
have been deternined tne surface shonld be dividnad into relatively small
parts and the weisht of each P2rt i7 and the distance fron its c.3, to
each axis talulzted, See Tigure § and Tabie II. Referring to Figure 5
the static moment of tre element A7  is A\x, the moneat of irertia
about the hinge lins is £7%2 and the oroduct of inertia is AVxy . The
static untalance of the total surface Sp is then LAWx ; the moment of
inertia of the surface is Zawx? and the product of inertia is K = Jawxy
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+Y NOTE. 4 v-axis s Taken
ON SAME SIDE OF x-axis

} AsI15 co OF mansmuvER-

IND LOAD ON SURFACE

CP OF MANPEUVERING
LOAD DISTRAIBUTION

+X

NOTE" +X-AX\S
TAKEMN REARWARD

by

HINGE AXIS
AX{S OF OSCILLATION . r/ iy . Fige 5

T (€

TABLE II
W Dist. from Momentes l Dist, (rom Kwwry
g elght hinge ¢ ¢ Ip=uwzt | pacillation |
Item | Part Descriptlon - z - . BXiS =y
No. No. - - - +
1ba. Inches Inch-ibs, | inch-lhs. | Ib.-ins? In.
(1) (2) (3} (4) (8) {0} u] (8) )]
1
’I
ele

Product of Inertia with resvect o Other Axes

Having determined the product of inertia with respect to one oscillation
axis it may be desirable or necessary to determine the product of inertia
with respect to some other oscillaiion axis, If the product of inertia

was originally calculated for an cscillation axdis which was pervendicular .
to the hinge axis then the product of inertia with respect to inclined L
- 21889
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axes C-0 and Y-Y can te determined fron the perpendicular azes product
of inertia (X=X and Y-Y) by use of the follo:in” equation:

Koy = Kxv sin¢ - lyy cos¢

‘ n X ¢
ey
’ i

yrnd !

7

where: ¢ is the angle tetieen 00 and Y-Y in the quadrant where the
. , ) center of gravity of the surface is located,

If the product of inertia 728 originally calculated for one set of axes

-~ and it is desired to determine the product of inrertia for another set
of axes parallel to the original set, then the new product of inertia
K> can te determined fron the equation: :

Kp =Ky £x S f iy £ Xyt

‘.'nnfere: W = t5tal weight in pounds of the moveable surface

O K1 = product of inertia with respect to axes Xy=¥;

X, ¢ distance batween Xy and L2 axes

" e

el

-
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Yo <= distance between Y3 and Y, axes

® = distance from C,3, of surface to k ads

i
I

distance from C.5. of surface to Ilaxis

T

X !s\9'0° of
Y : surface
2
*o | ¥
x’l P 9 xl
, ) A
S o ) 1
Yo
: L ]
X2 12 <::
Yz Fig- 7

Experimental Determination of Statiz Unkalance, Moment of
Inertia and rroduct of Inerzia

(a) Static Unhkalance

The moveable control surface should te carefully supported at its
hinge line on knifs edses or in a jig vith a minimum of friction.
Tne force necessary to talance the control surface, when applied
to a given point, is then measured by arn accurate wei; shing scale,
The net force times the distance betieen the hinge line and the
point of application of the forze is equal to the suatic unbtalance

23889
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(b) Yorent of Tnertia

The experimental determinati
of supporting
friction in 2 jig in an attit:
maintaining it in this
shown in Figure IX. Ore springe
with large static unbalances,

. whicn are fairly well statically valanced. The natura
the surface (for small oscillations) under the restraining actic
the sprinzs is then messured o34
the time necessary for z given mumber of cycles
experimental errors to a rd nimwn,
(about 30) is measurad,

The spring

\.

L cycl

o22g0n

Vieighing Scale

ATTIEE LR LSRN

Distance
* #_____ betiween point _____ﬁ
’ of application of
balancing force and hinge line

on of the mass noment of inertia consists
the surface cr tah at the hinge line with 2 minimum of
de similar to that descrited above and
atiitude by means of ore or two springs, as
is sufficient for control surfaces
wnile two are zenerally used foir surfaces
1 frequency of
tion of
means of a stop wacch by determining
o« In order to reduce
the time for a large mumter of cycles

stiffnesses zre dymamically determined br placing a weight
1 on spring 1 widich will defl
the average sprin~ deflectiion
then determinins the natnral frequency of the Sprin3 wvith v
by determining with a siop waich the tipge
a similar test is conducted
spring stiffness .of Spring 2, using a weizht %,

ect it an amount approximately equal to
during the nmoment of inertia test and
1 attached
necessary for a given nuaher
for the determinztion of the

2°

-
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Spring
I'IO. l

Spring
Noe. 2

(g\' o * ‘ Fig' 9

The moment of inertia can then te calculated by substituting the test
results in either equation 1l'or 2y depznding on whether the control
surface center of gravity is above or below the hince axis.

If control surface center of gzravity is below hinge awxis: - C
- 2 ‘e — B
I= _g_z (i1f32 £ pfy2) L 9,788 Vigx LO,~IN? -
i I2

If control surface center of gravity is atove hinge axis:

A " . ] .
o}

Where: I = Yoment of inertia of surface about hinge axis (pound-
inches?2) ‘

Wo =Weight of surface (pounds); Wy, Wo Spring calibration
weights (pounds) :

X = Distance cf surface C,5, above or pelaw hinze axis
(inches)

d = Distance from hinge axis to sprinzs (inches)

- £ = requency of surface when restrained by springs (C.peSe)

L
i

Calitration frevuency of sprinz K under veicht Wy (c,n.3.)

M

oy
n
!

= Calibration frequency of s£ocint X5 under weliht o (c.o.5.)

2
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(¢) Product of Tnertsa . ,-"l

W\ i
The product of inertia Kxy of a-moveablie control surface can be caleulaied
from three experimentally determined mozents of inertia, If the ccnirol
surface moments of inertia are obtained by oscillating about each of the
8xes X-X, Y=Y and then about a third axds 0-0 lying in the XY plane and
malcing an angle & with the XX axis, then the product of inertia z(,q, is
obtained from: .

2
K, I, cos' + Ty SN = T2,
Y 2 SIN oL CoS o

1?
M B '
X
L )
e y :

-

, Since this method of detenﬁning'thve product of inertia involves small

differences between large quantities a small experizental error in the
determination of the zements of inpertia nay result in large errors in
the product of inertiz, It can te shomm (ACIC No, 711 "The Determination
of the Product of Inertia of Aircraft Control Surfaces"), that the error
can be reduced to acceptable levels by the broper choice of the angle o ,
The proper value of ot can be determined aftap having determiged I, and

. . . -~XKx
I” s this value ig given by the relationship:

o(:taac.\)% | ;

e L

~ )Y

- p————— = -



-20-

.\ . ' A .
A [ / N (

Apoendix I — Discussion of Empennare Flutter Criteria

4
W\ . /s

Studies rade by the Air laterial Command the Civil Aeronautics Admin-
istration ard many indeperndent investiscators have shown that for the
most part empennage flutier rmodes can be closely associated with con-
trol surface untalance and the appropriate fuselaze natural frequency
with which the control surface will couple. Thus, in the case of
elevator couplinz, for the most .part, the fuselaze vertical tending
mode enters into the motion of the system whereas for the rudder either
fuselace side tending or torsion will couple. Althcugh it is fully
realized that any analysis tased on this type of simplification would
of necessity be only approximate, it should te noted that the results
obtained are usually highly conservative, sirce other modes which
generally enter into the motion of the complete system tend to damp
the motion with a resultant hizher flutter speed, Thus, the fuselage
vertical tending mode is Zenerally damped by coupling with wing sym-
metric tending and stabilizer tendingz whereas fuselaze side bending
motion is usually arped by coupling with fuselage torsion ths anti-
symmetric bending of the stabilizer and bending of the fin.

Based on these considerations the fir Laterial Command prepared a re-
port frmy Air Forces Technical Fepert lio, 5107 entitled "Chzris for
Fuselage Ferdinz vs Control Surface Flutter", It has teen found that
these charts are applicable to larger aircraft than those considered
in the personzl plane field. rach chart in AAFTR 5107 shows the
variation of U\ gg vith Yhw for various values of Ly o Unfortu=
nately the limits bf the valiues of the parameter .ur'gf used, are
such that for most airplanes in the personal plane field these curves
cannot te read with any dezree of accuracy, without doubtful extrapo-
lation, Furthermore, it was considered that for simplicity & sinzle
curve would te more suitable in treéting the relatively low perform-
ance “personal plere field, than a family of curves,

Fuselave Fending - Control Surface Potation

The follcwing assumplions were made in the determination of the fuse-
lage tending control surface rotation fluiter criterion (Figure 3):

W W= W, |
(2) “’/3’ O '
3) ¢c-e: 0

: W a=-3

(5) ,q;:'g‘(: 5‘ for elevator rotation vs fuselage
' vertical terding .

= § for rudder rotation vs fuselage side
bending . '

#The notation ysed 4n twie TITUILN Ll Lldlar wo TNRT appaarine in
. > ™ _ . s = . . A ey - s
UAA Airfraze and LQuirz=asy saszineering Report lo. |3
23889 '
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The etove assunptions are telieved to te rational and valid for mest
aircraft in the field urnder corsideration. Justification for each of
the atove assumpticns™ig .given télcr.

(1) The flutter frequency W is equal to the fuselzge
berding freguency wl, . Exrerience has shown that
because of the relztively large inertia of the tail
the aerodymemic zrd inertia coupling terms are cor-
paratively szall., The flutter frequency is there-
fore very close to the fuselage bending frecuency,

(2) For conventionzl aircraft with no springs in the con-
trol system the natural frequency of the empennage
control surfaces is zero, For the most part con-
ventional tail conirol systems are so rizzed that
elestic deformation in the control cystem takes place
only if the controls zre lecled in the cockrit, Since
under actual flizht conditions the pilot restiraint in
the cockpit iz srall, the assunption of ‘eg = 0 is con~-
sidered to be valid,

.'?;-

(3) Inthe low perforpance field it has teen fournd that

' most control surfaces are not azerodynamically talanced,
Since in general an incresse in 2zerodymaric talance will
tend to increase the critical flutter speed this assump-
tion will yiels conservaiive results for aircraft tith
aerodynamically talanced surfaces and yield correct re-
sults for those aircraft with no aerodynaric balance,

(L) The flutter mode involving fuselage tending and control
surface rotation is aralogous to the wing torsion-aileron
rotation case with the effective fuselage terding axis
corresponding to the wing elastic axise This axis of
rotation is the effective peint about which the airfoil
section (stabilizer-elevator or fin-rudder) rotztes when

. the fuselaze tends and is not vhe nodal lirs of the fusew

! lage in terdinz, A study made by the Air }aterial Coreand
from vibration measurements of a large mumter of airplares
indicates that the effective fuselage berndinz awis is
located approximately 1,5 tail surface chord lengths ahead
of the tail surface rid—chord (i.e, a = = 3.0).

(5) An examinztion of the values of the parameter.JLf?§ for
the emperrage of a number of small airplares of théf.
type incdicates that this parameter is smell verying apcrox-
imately tetveen L ard 8 2% 1o altitudes (based on g = ,03),
For the czse of fuselaze side btending it has teen found that
’ the effective increase in mass mement of inertia of tne

03
)
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fuselage due to wing yawing is approximately 755
of the empennage 'mass moment of inertia, By as=-
suming A j¢ constani, one curve of allowatle
mass balance parameter versus flutter speed pa-
rameter can te calculated for each value of @
thus sunpl:.fy'i the protlem. The values of

“:J-& =5 for fusela"e vertical tending and

urte, = 8.75 for fuselage side terding are be-
Jieve to be representative, conservative values
for ,03 airplanes,

Derivation of Criterion:

The two degree, three dimensionzl flutter stability equations used
in the develorment of the criteria are:

(1)

(Tompn - 2 g ) ot + (%« Aglp= o
el e o

Where: I = mass moment of inertia of the entire empennage about the
' effective fuselage bending axis

T = mass moment of inertia of control surface about its hinze
/s line (both sides of elevator for fuselage vertical berding
flutter and corplete rudder for side terding flutier)

E,P-— pass product of inertia about efi‘ectlvc tending axis and
hinge line = (C- Q)bSF-fI

l o A;'- Aerodynaric terms of the form

A - [M ("m)(L"*M“)'f(L*a)L]JB“aLz_

Setting tke determinant of the coefficlents of equation (1) equal to
zero ard mz2king the appropriate substitutions for the assumptlons the
following equation is obtained: ~

(2)

TP Aw = Legud Bevapa|
et o Tt a0

238893
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I 1T'f Atd = Tlfb"s A;& where A"J is the aerodymamic portion of
A el AL [Mx - ("ii—q)(Lg*»H.‘) + ('5+&)‘L~then dividins thru
equation (2) by-frf;ifs ard substituting T, 3./417545 = 2 the
folleming equation is ®biained:

v A'dd -‘fj Pt A'a,q 5

J
\ &

P+ A, T+ Ay

Faﬁ//ggpbfs

Yhere: P =
I = libzﬁgab‘ﬁi
- S = Total span of surface (ft)

b = Semi-chord (ft)

IS o= Total static nass unbalance of control surface
P about hinse ($lug-t)

Equationﬂ (3) when expanded can be expressed in the following form:

P+ (At R) P+ &JA#—A;% *$Puid + (S AN To

For a fixed value of e and 4 equation (L) when expanded results in
-two real equations, in P and I, ore a quadratic equation in P and the
other a linear equation in P, Trom the linear equation a value of I
is obtained as a furction of P, When this value of I is substituted
into the quadratic ecuation of P, an equation in P is obtained which

. does not contain I. The resulting quadratic in P can be solved an
Irem the roots of this ecuation the associated values of I can te obw
taineds The ratio of P/T =1 £ 3 sﬁé, as a function of Yew can
then be used as the flutter prevention criterion, One curve of “‘59/1','1
vs Y/bw can be obtained for each value of e, where eb is the distance
from the airfoil midchord to the control surface leading edge, Solve
tions were obtained for e = =+1,0,1, ard .2 arnd it was found that the
variation in allomahle b 4, for any V/bw value was spall. Flgure 3
was then chosen as a reasorable curve to represent the envelope of
curves, thus simplifying the problem by setting up a single curve ap-
Plicable to conventionzl small aircraft, ‘

23889
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fuselage Torsion - Control Surface Rotation

An approach to this proolem was used which in essence is similar to

- that for the fuselage tending-conirol surface case. The case in-

volving fuselage torsion is analogous to the wing tendins=-aileron
case. If the horizontal and vertical tail do not deflect elastically
then for an angular deflection € radians of the fuselage, an airfoil
Section located X feet from the torsion axis will have a linear
(bending) deflection of magnitude X o It should be noted that in
the three dirzensional analysis intesrals of the form.

M= Jm(x) [f(X)]zGLx.« Am.'jb‘ Ly (Feaoly
N Sﬁ' j‘%(‘) feody  Aus j B’LT’ foock

. . x
Appear in the eguations. If fb\')’ S where S is the distance from the
torsion axis to the tip of the fin then the mass and geonetric pa-
rameters may be consideresd to be 'wel shted" parameters, In a three
dimensional anzlysis the integraiion for the i and Anterss mst be
taken over the complate horizontal and vertical tail surfaces whereas
the other terms involve integration over the rudder span only,

Althoush data was availaile for tho gvaluation of J(Y.}""a in tne case
of fuselase bternding vs control surface rotation similar data was not
available for tre evaluation of M2a,4 (vhich bears a similar relation-
ship to the fusslapge torsion case)s ror the analysis then Q) was as-
cumed to be gzoro ard a curve obtained for -E—E‘_-versus ¥bw ,Y Since the
assumption of Ya* 0 is knovn to bte hizhly conservaiive the resulting
curve obtained fron the above analysis was raised by an amount which
experience indicatss is. reasonable, Table ITT below gives a compar-—
ison of the X/. 7 deternined by the proposed criterion with the allowe
able K/I as given by CAl: Ol and ANC 12, as well as the actual ;g/I of
the rudder on the airplane in service. It should be noted that since

is less than one, she allorabls ¥/t as given in CAN OL is limited
to a maxdimim value of unity, -

238E9
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TATLE ITI
Actual
I on
. New  Air- CA A
Airplane : f K/1 plane  OL 12

VD com b

(1) All American 10A 183 860 1.083 3.15 3.6 1.0 90
(2) Bellanca 14-13 2,0 510 1.458 69 .708 96 .69

(3) Cessna 190 259 685 1,917 1.53 9L W65 W61
(L) Howard 18 250 250 1.0 0 0 79 Bl
(5) Lusconbe BA 176 870 1.583 4.8 1,225 1,000 .92
(6) bNavion 210 L8O 1,208 655 1.00 1.00 .81
(7) Rawdon T-1 200 U450 1.625 856 1.59  1.00 W8l
'(8) Thorpe T-11 16, 950 1.183 Lio06 LB 1.00 .96

Aonendix IT —= Discussion of Vfing and Tab Criteria

In the case of emcennage flutter prevention criteria the problem could

be treated analytically. "This was due to the simplificztion of the
proolem by a nuroer of rational assumpiions, which experience indicated
to be valid. Thus, tecause of the structural elements involved, the
problem could be reduced to a two desree of freedom flutter system srith
ut ore elastic resiraint. Vcrever, in the case of the wing no such
simplification is avzilatls, An adequate analytic treatment of the
proolem recuires a minimunm three degree of freedom considerztion (vith
three elastic resiraints). It is true that if the ailsrcns z>e completely
stat 1cally and dynamically mass balanced the system can ke reduced to &
Bio degres case. However, since most lirht aircraft do not have conmpletely
mass balanced control surfaces, the provlem must te treated as a threc
degree of freedom ore.

Because of the large numker of parameters involved the develorment of cri-
teria based on an analytic approacih is nob feasible, However, experienc

to date indicates that fcr a conventiomal winz, where there are no larze

mass concentration located far aft of the elastic aids and for which the
ailerons are adeguately mass talanced the ailsron reverszl phencmenon will
probably te the rost critical of the acroelastic phenonena of flutter,
divergence and reverszl, Since the critical reversal speed is a function
of the geometry ard torsicnal r1C1ulty of the vring the problem of flutter
brevention for & ceaventional winz ean be resolved by providing adecuswna
torsiomal rizidity to proclude aileron reversal and by a criterion fer
aileron balance,

<
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Uing Torsicnal YHiricdity Criterion

x
— -

The Cyp criterion ziven in CAX Ol requires that at certain specified
distances from the wing tip the torsional rizidity of the winz exceed
& value which is a function only of tie desien dive smeed of the aire-
plane. This criterion was consicdered to be adequate to preclude wing
bending~-torsion flutter as well as civergence and reversal. Since the
reversal speed is a function not only of the torsional rigidity ard
design dive spred this criterion was reviewed and a new one developed
wiich is a function of the dive speed, the torsional rigidity of the
wing over the aileron portion of ihe span, the wing chord and the
aileron span. The criterion developed for the torsional rizidity is
in essence sirdlar to the criterion cevelorad by the Air Xaterial Com-
gand in TSFAL 2-1,595-1-11 A4 Simplified Criterion for Wins Torsiocrnazl
Stiffness" dated June 1945. The basic difference in forms between
the two criteria is that in tre Army criterion the winz rigidity and
chord lenzth is chosen at ore station only, whereas in ths criterion
proposed herein the variation of torsional rigidity and chord lenzin
over the ailercn span of the wing is used. For conventional wings
both criteria should yield approximnately the same results,

This criterion was checlted on®a mumber of light aircrait and it was
found that in 21l cases calculzted reversal speed by the propesed
method resulted in a slightly more conservative answer than that
predicted by the Ary critericne.

.

Mleron Ralance

Experience to date indicates that the aileron balance criterion in
CAli O4 is conmservative. In some cases recently checked by analytic
means, allciatle values of K/t of approximztely five times that per-
mitted by tie criteriz were obtained. Hovwever, since the wing flutter
prevention criteria are btased almost completely on empirical methods
and since the.sucoess of the torsional rigidity requiremznt as a

‘flutter prevention rethod is dependent on a well balanced control sur-

face, any major change in exisiing criteria is telicved to be umvare
ranted. It should be noted that in a recent check on several lircht
aircraft the allcwable value of aileron untalance was mich higher
than that given by any existing balance criteriz. However, in every
case checked, the wingz torsional rigidity was higher than the minimmm
permissable rizidity. ‘

Tab Criterion

The tab criteria progosed herein are essentially tie same as those
in ANC 12, A recent study of tab frequency criteria indicated that
the AiC 12 critericn althousn very conservative was the most satise—
factory, concistent criterion availatle, However, the use of th=
second of the two frequency criteria as appiied to small, low per-
formance airceraft has in the basv ylelded satisfactory results., It
is therefore Sugzested that in any particular case the less conserve-

ative of the +5rA reritnwi=~ {a_’t..,: ST OPILiiIL, Ul Zoweou Taegutainy
be used,
23889 : .
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funcrion. - Usicg the screrprica . - 3
ethod, the motion equarxas ic- =y ] or o o o "/ (5m)
combication of thepe, or even
cmplez  funcrioss. s -be . x et . "t" o ° 0 1 (2m)
,‘ .. .« ” :L. .~ o .’,s 0 o c,r’/tZOal
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WALTER W. SOROKA #
University of Calcrnia, ™ # o b
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°
nesponse of Jynamic Systemrs
Response of namic dysterrs

Using superposition, a simple, abular method for solving motion equarions of dynamic

systems subjected o complex force-functions is developed. Daa are induded for

»  pediodic, nos-periodic, 2nd impulse-type forces acting on freely as well as elastically
mounted bodies initially at rest—with and withous damping present.

Forces active o pymanaic SYSTEMS ocCur in a vanety
of forms often termed “periodic,” “nonperiodic” and
“impulse.” Periodic forces may have 2 simple harmonic
variatioz, for cxample, F(t) = b sin wt, or more compiex
periodic variation, such 25 that given by the Fourier series
F(t) = a2, + 2, cos wt + b, sin et + 2, cos 2ut + b, sin
2at 4 ... + 2, cos net + b, sin net + . . . Fig. 1 shows
ﬂ:recfcxﬁngfun:tionsoftbcmpcriod'l'. Curve A
represents b, sin wf) carve B, 3, cos et and curve C,
b sin et + 3. cos 2at. In cach instance, T = 20/,

Nonpericdic forces may bave forms of the foRowing
types: the power senies F(#) = a0 + 2, t 2y t* 4 . . |
+ .t + ...;t.hc.cxponcutia]F(t)f:be"';.ﬂ\ctﬁg-
onouetric form F(t) = h «in wmt o+ Rhote o 20n .0
is an irational number), ete. Fig. 2 shows a nonperiodic
force given by F(t) = ¢* — 109 + 27t - 18.

. L=t s

150

lmpulseforeamaycomistofa:ingkorsxm’acf
pulses. The puise may be rectangular, sawtooth, titznegisr,
trapezoidal, sinusoidal, exponential, or of some otl.zs o7 =
Characteristically, these foroes consist of a raoid rise fo-
Jowed by a r=pid decrease in magnitnde. The time of actem
i gencrally very sbort compared to the tbime during which
the motion of interest occurs. This tends to dishnsnicy
them from the other types of forces, which may be of
rehtively bong duration.

SUPERPOSITION. In 2 Linear dynamic system, e inci
vidual cfects of the force compoaents acting simutune-
ousty are additive. Thus, if respanse charctensics of a
bt vy ait GCYLUPCU [OF €3CD 10ITe comporent, tixa
response to any linear combination of these coinponents
may be obtained directly by superpositior.

Product Engincering — Aoril. 195¢
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, Table II—Response From Rest of Damped Unsprung Mass
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Table H{l—Response From Rest of Undamped Mass on Spring
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UNDAMPED, UNSPRUNG MASS. The simplest dy-
namic system is the undamped mass resting on a rigid
support, or the free-wheeling fiywheel. The equation of-
f..ced moSien is F(t) = m g%‘ for the rectilinear system,

oc M(t) =1 $¥ for the rotational system. These equa-
tiens m2y be solved, of course, by direct integration. The
genenl solution is x (or 9) = A, + At + £(t), where
A, and A, arc determined from the initial state of motion.
V-.ues of 3t) and of A, and A, for 3 mass starting from
rest under the action of vanious torce components are
shown iu Table I. The efect of any linear combiration
of these forces is obined simply by scding the solutions
shewn, Thu, if 2 fosee given bv F(t) = 20 — at® +
3€ " — & c03 wl + by SIN 3wt acts on 3 body initially at
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rest; from Table I the displacement-time characteristic of
this mass will be:

gt en (T -1)-
o - e + 2 (e - 252
The velocity is obtained by differentiation:
TRERE S Y
:_:: ain ut 4 &:“ {1 — rom3.x2),

Referring to the sinusnidal forces b, sin wt and 2, cos wt
in Tahle 1. it it natewnrthy that althanabh ~oae e

of complete cycles the average force is 2cra. the mean dis-

- -t
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pbeement of the mass in the first case
nitely at the rate of b/mw

ucciilates at a constant amplitude about

the cosine force, the mass assumes a constant mean posi-
tion given by a./mw® and oscillites with constant ampli-
th2 amplitude of oscilis-
Ealls off as the square of the forcing frequency.

LAnL-ar1), UNSPRUNG MASS. Friction s invariably
trelationship of the
system is, in gen.
assumes a simple

tude. With both types of forces,

present in a dynamic system but the
frictional foree to other factors in the
eral, hizhly complex. Usnal practice

(value of A,). Also, the mass

increases indefi-

this mean. For
if a

for this

aforce e -
The equation of motion of the damped mass then
P . -

ALY ;-\l) - ¢ -2‘-- -I'ﬁ

Whm A;
statc of motion of the mass. Table II gives values for

linear relation between friction force and rubbing velocity,
based on

between
viscous damper connects the mass and this surface,

lubricaticn theory. Thus, if an oil fim exists
the mass and the surface on which it moves, or,

:} opposing the motion is developed.
- ‘Ihe genera! solution

+ £(t),
and A, are again determined from the initial

equation is x (or 0) = A, + A, es
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A, A, and #(t) for a viscously damped mass starting from
rest. The motion of the mass under the action of anv
linear combination of the forces shown may be obtained
by adding the tabulated sotutions in the same proportions,
as was done for the undamped mass.

UNDAMPED MASS ON SPRING. Wkhen the mass s
attached to a flexible membes or spring and damping is
negligible, the equation of motion is F{t) — kx = mr
where k is the spring stiffness. The gencral solution of this
equation is x (or 6) = Al Sin ot + A, O3 wet + £(t)
where wy = \/E7m. Again, A, and A, are determined by
substituting initial conditions irto this and the velocity
equation. Table HI gives valoss for A A and £(t) for
1 mess starting from rest under these conditions. Notc
that the sinuscidz] forzing Runctions, b, sin et and ~ ~e "y
“d Givmicu IO TWO parts, one comprising al! frequencass

154

different from w,, and one for which the forcing frequency
is exactly w,. Diferent axpressions for A, A, and £(t)
occur for these two parts. The presence of the factor t in
the coefhiciert of the f(t) term at w = w, indicates an
amplitude increasing indefinitelv with time.

DAMPED MASS ON SPRING. In the presence of damp-
ing, the equation of motion of the sprng-mouvnted mass
becomes F(t) = c:—f-{- kx + m::,—z The general sciution
assumes one of three forms, depending upon the amount
of damping present. For small damping the solution is:

. -y
T = (A oin wd + Aycos wel) o= + (0
hee oot~ ()
TRL Ll el wiken - = O, which occurs when
¢ = 2me,. This vaive of ¢, called critical damping, is

Product Engircening — Ap-il, 1655
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abeled c.. For critical damping the general solution is:
z = (A + At)e™ + (1)
For heavy damping (¢ > ¢.), the general solution may

S WRLen:  z e At + Agey! 4100
where -
l"" .1..""’—c—t -c—'-—u’
-1 2m 2m
in 1 MISLALICT, 73y BU 3y JIC dcu‘umutu l-luln innu’ai

sondlitic.es, as hefore. See Tables 1V, V, and VI

MPULSE FORCFES. An impulse dcfined by any one,
w any hncar combinztion, of the force-time relations

listed in the tables will produce the corresponding motion
during its time of action. When the force is abruptly cut
off at time ¢,, the motion then proceeds as a frec motion
whose initial conditions are the displacement and veiocity
at the cutoff time. The general cxpressions jor the sac-
ceeding motion are those alicady given under the dilczent
cascs above, except that the term f(t) must be delsted.

WU tisewuw Alss 8| Weows S @y fer Reew mrrtamraswm -

then be found using tiic cutoff vaiues of vcioaty and
displaccment. By measaring time and displaccment from
the cut-off point in the frce motion, the calculitions can
be simplifed.




